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The c-abl protoncogene is unusual in two respects; it has multiple, widely spaced N-terminal coding exons
transcribed by different promoters, and it is the target of the translocations that form the Philadelphia
chromosome found in cells of chronic myelogenous leukemia patients. To understand the organization of the
gene in normal and chronic myelogenous leukemia patient DNA we have mapped c-abl by pulsed field gradient
gel electrophoresis. We find that one of the alternative 5' exons of the gene lies at least 200 kilobases upstream
of the remaining c-abl exons, posing formidable transcription and splicing problems. The 5'-most c-abl exon
includes an unusually long 1,276-base-pair segment that contains 15 ATG codons and multiple short open
reading frames, upstream of the abl initiator codon. Its peculiar structure suggests that c-abl may be
decapitated in most chronic myelogenous leukemia patients, and we demonstrate that this is the case in the
chronic myelogenous leukemia cell line K562.
The c-abl protooncogene is the cellular homolog of v-abl,
the oncogenic element of the Abelson murine leukaemia
virus (13). That virus causes a unique pre- B-lymphocytic
leukemia in mice (1). The c-abl gene is a member of the
tyrosine kinase family of protooncogenes (14, 31), is widely
expressed in the body (30), and is highly conserved from
humans to Drosophila melanogaster (19). The c-abl gene is
also the site of the first consistent tumor-associated chromo-
somal translocation ever found, the Philadelphia chromo-
some translocation of human chronic myelogenous leukemia
(CML) (17, 25).
The c-abl gene has a unique organization. This became
evident after we cloned four types of murine c-abl cDNA
(c-abl types I to IV [4]). These cDNAs were colinear with
each other from the poly(A) tail upstream through most of
the abl coding region, but diverged at a common position just
short of the abl N terminus, and the cDNAs predict four abl
proteins with different N termini (4). Two of the cDNAs
represent the two major mouse c-abl mRNAs of 5.3 kilo-
bases (kb) (type 1) and 6.5 kb (type IV). The two remaining
types represent minor mRNAs. The point where the cDNAs
diverge corresponds to a splice site in the mouse genome.
The mRNAs represented by the cDNAs, therefore, appear
to consist of alternative 5' exons added onto a set ofcommon
3' exons (4). Shtivelman and co-workers have recently
reported similar results for the human c-abl gene (29). These
authors cloned cDNA copies of the two human c-abl
mRNAs and located the type I exon, which they called exon
la, 19 kb upstream of the common exons. The human type
IV sequence (exon lb) was also cloned, but was not present
within 35 kb upstream of exon la (29). Because the equiva-
lents of the mouse c-abl type II and III mRNAs have not yet
been identified in humans, we will follow the exon la, lb
nomenclature in this paper. Exons la and lb are each
preceded by a transcriptional promoter in both humans and
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mice (29; unpublished results). The two major c-abl mRNAs
in mammals are thus initiated by separate promoters.
The possibility that exon lb of the human c-abl gene lies
far upstream of the remaining c-abl exons is significant
because the region upstream of the common exons is thought
to be interrupted by a chromosomal translocation in the vast
majority of patients with CML. In this translocation, the
common c-abl exons and a very variable length of DNA
upstream are translocated from their normal location on
chromosome 9 (band q34) to a 22q- or Philadelphia chromo-
some (17). In the CML cell line K562, for example, more
than 97 kb of DNA upstream of the common exons is
cotranslocated (16). By contrast to this variability in the
position of the chromosome 9 breakpoint, the Philadelphia
chromosome breakpoints are clustered on chromosome 22
(15). This breakpoint cluster region (bcr) is part of a gene,
which in Philadelphia chromosome-positive CML is tran-
scribed into a hybrid bcr-abl mRNA (12, 28). The hybrid
mRNA encodes a P210 bcr-abl fusion protein, which is
thought to play an important role in the pathogenesis of
CML (21).
Because of the variability in the position of the transloca-
tion breakpoint near the c-abl locus, it has remained unclear
whether the c-abl gene is consistently disrupted in Philadel-
phia chromosome-positive CML. To shed light on this issue
we have mapped approximately 600 kb around the human
c-abl gene by pulsed field gradient gel electrophoresis. We
report that the 5'-most exon of c-abl lies at least 200 kb
upstream of the common exons and that the gene is dis-
rupted in the CML cell line K562.
MATERIALS AND METHODS
Isolation and characterization of exon lb clones. Genomic
exon lb clones were isolated by screening a human recom-
binant DNA library with a 0.95-kb EcoRI mouse c-abl type
IV cDNA fragment under conditions of reduced stringency
(50% formamide, 5 x SSC (1 x SSC is 0.15 M NaCl plus 0.015
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FIG. 1. Restriction map of the c-abl exon lb genomic region.
The exon is drawn as a black box; the direction of transcription is
indicated. Three phage clones that represent this region of the
human genome are drawn beneath the restriction map. From one of
these phage a 7.5-kb EcoRI fragment was subcloned to yield plasmid
pHRR7.5; a subclone of this plasmid (pHablS') contains a 0.85-kb
BamHI-HindIII fragment that is internal to exon lb. The insert of
this plasmid was used as a human exon lb probe in the experiments
reported here. Abbreviations of restriction enzymes: B, BamHI; H,
HindlIl; N, NotI; S, SacII; Sf, Sfil; R, EcoRI; X, XhoI. The HindIII
and XhoI fragments detected by the exon lb probe are 15 and 18 kb
long, respectively. Not all BamHI and HindlIl sites in the exon lb
region are drawn.
M sodium citrate), 37°C hybridization; 2x SSC, 50°C wash).
The recombinant library contained size-selected (>15-kb)
MboI partially digested fragments of normal human DNA in
the phage cloning vector EMBL3 and was provided by
Nathaniel Landau. Positive clones were plaque purified and
subcloned in plasmid vectors by standard procedures. The
DNA sequence of exon lb was established by the chemical
degradation method (24) on both strands. Five base-specific
modification reactions were employed to minimize ambigu-
ities.
Pulsed field mapping of c-abl. High-molecular-weight DNA
was prepared by incorporating SupT3 (a human T-cell leu-
kemia line) or RCH-ACV (a human pre-B-lymphoid line)
cells into blocks of low-melting-point agarose, followed by in
situ lysis and deproteinization. This procedure has been
described in detail elsewhere (5). The DNA was digested
with restriction enzymes while still incorporated in agarose
(5), and the blocks of agarose containing the digested DNA
were transferred to the slots of a 1% agarose gel and
subjected to pulsed field gradient gel electrophoresis as
described by Carle and Olson (7). Briefly, gels were run with
two alternating 250-V electrical fields alternating every 30 s
for 24 h. The size-separated DNA was transferred to
GeneScreen and hybridized as described previously (5).
Probes were labeled by the random priming method (11).
RESULTS AND DISCUSSION
The two major transcripts of the human c-abl gene consist
of alternative 5' exons (exons la and lb) spliced onto
common 3' exons. Exon la (the type I exon) lies 19 kb
upstream of the first common exon. Exon lb (type IV) does
not map within 35 kb upstream of exon la (29). To complete
the map of the human c-abl gene we isolated exon lb by
screening a human genomic library with a mouse c-abl type
IV cDNA probe. Three positive phage clones were isolated.
A restriction map of the exon lb region is presented in Fig.
1. A 7.5-kb EcoRI fragment that contains exon lb was
subcloned, and the DNA sequence of exon lb was deter-
mined on both strands (Fig. 2). Our sequence differs from the
previously reported partial exon lb sequence (29) in 21
positions (Fig. 2). Some of these differences may be DNA
sequence polymorphisms or cloning artifacts; others may be
sequencing errors. Also shown are four mRNA start sites
that were mapped by Shtivelman et al. by RNase protection
(29; labeled "a" to "d" in Fig. 2). The region 5' of site "d"
contains at least four potential binding sites for the transcrip-
tion factor Spl (10) and two CCAAT sequences (underlined
in Fig. 2). We do not find a typical TATA sequence in this
region. However, the sequence TTTAAAAGG 59 base pairs
downstream of the 3' CCAAT box (underlined in Fig. 2)
resembles the CATAAAAGG element, which functions as a
TATA box in the rabbit beta-globin gene (9). Whether these
sequence motifs are part of the upstream c-abl promoter is
under investigation.
The 45-residue abl N-terminal amino acid sequence pre-
dicted by exon lb starts with the ATG codon at position 2027
in the exon lb sequence (Fig. 2). The human amino acid
sequence differs in two positions from the mouse type IV
sequence (4). Both amino acid sequence changes (Lys for
Arg at position 29 and Glu for Asp at position 30) are
conservative substitutions. The human and mouse sequence
do not differ in the last codon before the exon lb splice donor
site (at position 2163 in Fig. 2), which encodes a histidine
residue in both species. We make note of this because this
residue is absent in the previously reported human sequence
(29). Our sequence does not show a second splice donor site
that could give rise to an alternatively spliced mRNA variant
lacking the histidine codon, and we have no explanation for
this discrepancy. Interestingly, exon lb includes 1,276 bp
upstream of the abl initiator codon. This part of the mRNA
contains multiple short open reading frames (Fig. 2). Only
the 5'-most of the 15 ATGs upstream of the abl start codon
conforms reasonably well to Kozak's consensus sequence
for eucaryotic initiator codons (PuCCATGG [22]). The re-
maining 14 upstream ATGs and the abl initiator codon show
no particularly good homology to this consensus (Fig. 2).
Computer analysis of the exon lb sequence reveals some
imperfect hairpin loops and direct repeats. Analysis of the
exon lb sequence in another species may reveal whether
these structures are evolutionarily conserved. The exon lb
sequence is not significantly homologous to any sequence in
current data bases.
To determine how far upstream of the common c-abl
exons exon lb lies, we used the observation that the former
and at least 97 kb of the upstream DNA are amplified
approximately fourfold in DNA from the CML cell line K562
(8, 16). The amplified chromosome 9;22 breakpoint region in
this cell line also includes the immunoglobulin lambda light
chain constant region (27) and the 5' part of the bcr gene.
Upon hybridizing a blot containing BamHI digests of Raji
and K562 DNA with a probe that represents exon la and the
first two common exons, both the 3.5-kb fragment containing
the common exons and the 15-kb exon la fragment were
clearly at an increased molarity in K562 DNA compared
with Raji DNA and were therefore both amplified in K562
(Fig. 3A). By contrast, a 7.5-kb exon lb exon fragment was
not increased in K562 and therefore was not amplified (Fig.
3A). We conclude that c-abl exon lb lies upstream of the
chromosome 9;22 translocation breakpoint in K562 cells.
Because more than 97 kb of DNA upstream of the common
c-abl exons has been cotranslocated in K562 (16), exon lb
must lie further upstream.
To determine the distance between exon lb and the first
common exon of c-abl, we used the Carle and Olson
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XXX splice
FIG. 2. DNA sequence of human c-abl exon lb and flanking segments. The first 60 base pairs of this sequence consists of an Alu repeat.
Shtivelman and co-workers have reported that exon lb-containing transcripts start at either of four sites. These sites are labeled "a" to "d."
The position of site "d" is approximate only (29). Four potential binding sites for the transcription factor Spl, two CCAAT boxes, and the
TTTAAAAGG sequence upstream of site "d" are underlined. The 15 ATG codons between transcription initiation site "d" at position 751
and the abl start codon at position 2027 are also underlined. The short open reading frames that follow these start codons are shown. A partial
exon lb sequence, corresponding to nucleotides 689 through 1233 and 1685 through 2159 in the present sequence, had been previously
reported (29). The 21 differences between our sequence and the sequence reported by Shtivelman et al. are indicated (X indicates nucleotides
that were absent from the latter sequence).
modification of the pulsed field electrophoresis technique,
originally described by Schwartz and Cantor (7, 26). Recog-
nition sites for the restriction enzyme Sfil that are cleavable
in human DNA were mapped by standard procedures 25 kb
downstream of the first common c-abl exon and 6 kb
downstream of exon lb (Fig. 4). A human c-abl genomic
probe (A28-2-2; Fig. 3B legend) that maps upstream of the
SfiI site in the common exon region hybridized to a 225-kb
Sfil fragment (Fig. 3B). The exon lb probe did not hybridize
to this fragment but, instead, hybridized to a 75-kb Sfil
fragment (data not shown; Fig. 4). Exon lb must, therefore,
lie at least 200 kb upstream of the common exons. NotI and
SacIl sites map just within both exon la and lb (Fig. 4) and
are cleavable in human DNA. The exon lb probe recognized
175-kb NotI and 150-kb SacII fragments (Fig. 3B), neither of
which was seen with common exon probes (Fig. 4), con-
firming the presence of a large intron in the c-abl gene. To
test whether the 175-kb Notl fragment seen with the exon lb
probe extends up to the NotI site in exon la (which would fit
with the 225-kb SfiI fragment extending up to the Sfil site
downstream of exon lb), the pulsed field blots were re-
probed with probe BBO.9. This 0.9-kb BamHI-BgIII frag-
ment, which maps approximately 10 kb upstream of exon la,
indeed hybridized to a 175-kb Notl fragment (data not
shown; Fig. 4). We think, therefore, that exons la and lb of
the human c-abl gene are 175 kb apart, although if there are
multiple 175-kb Notl fragments the distance could be longer.
In the former case, the intron between exon lb and the first
959
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downstream of exon lb in K562 DNA, however, and the
Not] SacH translocation breakpoint must therefore lie further down-
2 1 2 stream. A precise localization of the K562 breakpoint awaitsthe isolation of genomic clones from this region.
xii4 The presence of an intron of at least 200 kb in c-abl
; suggests that the gene may be disrupted by the majority of
the Philadelphia chromosome translocations in CML. By
presenting a large target size, c-abl may be especially
vulnerable to this type of DNA rearrangement. The propor-
tion of the Philadelphia chromosome translocation break-
40400- points falling within the large first intron of c-abl, however,
remains unclear. Three breakpoints have been mapped in the
3' part of the large intron, within approximately 10 kb of the
17-* * 15- first common exon (17, 23). In the CML cell line K562 the
9;22 breakpoint maps in the 5' part of the large intron (this
paper), and we have recently found similar results for the
CML line BV173 (C. A. Westbrook, C. M. Rubin, John J.
Carrino, Michelle M. Le Beau, A. Bernards, and Janet D.
Rowley, submitted for publication). The translocation does
not appear to disrupt c-abl in all CML DNAs however.
Probe T39-2-2, which represents a second CML transloca-
tion breakpoint and which was analyzed because it hybrid-
ized to DNA fragments that were not amplified in K562
Type IV Type CV DNA, hybridized to the same 75-kb SfiI fragment as the exon
lb probe, but to different NotI and SacII fragments (Fig. 4).um anc-abl gene. (A) DNA The T39-2-2 Philadelphia chromosome breakpoint, there-
the pHablS' exon lb probe fore, maps upstream of exon lb. It remains to be seen how
[I mouse c-abl type I cDNA often Philadelphia chromosome breakpoints occur upstream
ains sequences derived from of the entire c-abl gene and whether in these cases secondary
s of c-abl. (B) Hybridization DNA rearrangements are required to form the hybrid bcr-abl
nts separated by pulsed field transcription unit.
bridization of probe A28-2-2 The presence of an intron of at least 200 kb in the c-abl
ntron in the common exon gene poses several questions. Foremost among these isit. The Notl and SacII blots whether the entire 230-kb gene (if there is only one 175-kb
e to 175-kb Not and 150-kb NotI fragment between exons la and lb) is contiguously
nbda DNA were used as size t . . .o
e-B-lymphoid leukemia line transcribed. This would take over 2 h, given a polymeriza-
ikemia cell line SupT3.
common c-abl exon (which lies 19 kb downstream of exon la
[29]) is approximately 200 kb long.
The fact that exon lb is not amplified in K562 DNA
suggests that it lies upstream of the K562 chromosome 9;22
translocation breakpoint (see above). To test whether this
was the case, we rehybridized the blots with probe T39-1-2,
a 1.0-kb EcoRI fragment that maps adjacent to the chromo-
some 9 breakpoint in K562 cells (16). This probe hybridized
to the 225-kb Sfi1 fragment that was also seen with the
common exon probe and to 175-kb Notl and 150-kb SacII
fragments that had previously hybridized to the exon lb
probe (data not shown; Fig. 4). These results suggest that
there is only a single 175-kb NotI fragment between exons la
and lb, and they confirm that c-abl is interrupted by a
chromosomal break in K562. Attempts to map the translo-
cation breakpoint in K562 cells more precisely have not
yielded conclusive results. In SfiI digests of K562 DNA, a
225-kb fragment is seen with both 5' bcr and 3' c-abl probes
(data not shown). This fragment extends from an SfiI site in
the bcr region to the site in the 3' part of c-abl and
comigrates with the germ line 225-kb SfiI c-abl gene frag-
ment shown in Fig. 3B. The Sfi1 site in the bcr region maps
within 5 kb of the chromosomal break (data not shown),
suggesting that the translocation breakpoint in K562 lies
closely downstream of exon lb. In conventional blots we
have not found evidence for rearrangements within 8 kb
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U It ., u ,, u I u
T39-2-2 exon lb T39-1-2 BBO.9 exon la A28-2-2
40 l 175 ll 325
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FIG. 4. Map of the human c-abl gene showing the 200-kb first
intron. Probes used: A28-2-2 (Fig. 3B legend); BBO.9, a 0.9-kb
BamHI-BgIII fragment that maps approximately 10 kb upstream of
exon la; a 1.0-kb EcoRI fragment (T39-1-2) that represents the
chromosome 9 translocation breakpoint in K562 cells (16); the
human c-abl exon lb probe described in the legend of Fig. 1;
T39-2-2, a 1.4-kb EcoRI fragment representing the chromosome 9
translocation breakpoint from the DNA of a CML patient. The
relative order of these probes is shown in the top part of the map.
The Notl, SfiI, and SacII fragments that are detected by each probe
are indicated below. These fragments are not drawn to scale. The
map assumes that probes BB0.9, T39-1-2, and the exon lb probe
detect the same 175-kb NotI fragment (see the text). The 225-kb SfiI
fragment may extend up to the SfiI site 6 kb downstream of exon lb,
but we cannot exclude the presence of additional small SfiI frag-
ments at this location. This uncertainty is indicated by the dashed
end of the 225-kb SflI fragment. Fragment sizes are in kilobase pairs.
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tion rate of RNA polymerase II of 30 nucleotides per second
(3). Although contiguous transcription seems likely, because
bimolecular splicing in eucaryotes has so far only been
observed in trypanosomes (6) and chloroplasts (20), it re-
mains to be proven. A related question is how introns of this
size are accurately spliced. Splicing over large distances is
not restricted to exon lb, because in K562 and BV173 cells
a bcr exon splices to the first common exon of c-abl over a
similar distance. Perhaps the first common c-abl exon has
the ability to accept donor splices from far upstream. More
interestingly, perhaps some of the specificity of the ber
region as a partner of c-abl in forming the Philadelphia
chromosome arises from the ability of the bcr exons to splice
over long distances to the common abl exon. A final question
concerns the reason for the existence of this large intron.
Possibly the intron consists of selfish DNA without any
function. Alternatively, the intron may harbor more N-
terminal coding exons of c-abl, the expression of which is
restricted to specific cell types or developmental stages. It is
also possible that the intron contains a complete, unknown
gene. Interestingly, Grosveld et al. have observed splicing of
bcr exons to a sequence in this intron in K562 cells. When
this sequence was used to probe RNA blots, 4.5- and 9.5 kb
transcripts were detected (16). Further analysis may reveal
whether c-abl, like the Gart gene in Drosophila or the
gonadotropin-releasing hormone gene in rats (2, 18), harbors
a second gene in its introns.
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